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INTRODUCTION

Idiopathic macular hole (MH) generally occurs in otherwise healthy
individuals, is more common in women, and usually decreases previously normal visual acuity to less than 20/100. MH can be closed successfully with vitreoretinal surgical techniques, [1] [2] [3] but complete anatomic closure does not always result in satisfactory recovery of visual acuity. In addition, some patients with closed MH continue to have symptoms such as relative scotoma and metamorphopsia. [4] [5] [6] Optical coherence tomography (OCT) has become the gold standard for the diagnosis of MH and for confirming anatomic closure after surgery. Structural changes in the photoreceptor layers of eyes with surgically closed MH, such as varying degrees of disruption of the junction between the photoreceptor inner and outer segments (IS/OS) and of the external limiting membrane (ELM), have been identified using time-domain OCT (TD-OCT), [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] ultrahigh-resolution OCT, 18, 19 and spectral-domain OCT (SD-OCT). [20] [21] [22] [23] [24] [25] [26] [27] These imaging modalities have not, however, provided sufficiently clear images of individual photoreceptor cells to allow identification of a specific structural abnormality that might explain persistent visual disturbance in eyes with closed MH.
The primary reason for this failure is that ocular optics possess aberrations, which can be compensated for by incorporating adaptive optics (AO)-specifically, either OCT or another imaging technique such as scanning laser ophthalmoscopy (SLO)-into the imaging system. An AO system consists of a wavefront sensor that measures aberrations of the whole eye, and a deformable mirror or a spatial light modulator that compensates for these aberrations in living eyes. [28] [29] [30] [31] [32] . The addition of AO to imaging systems such as flood-illuminated ophthalmoscopes or SLO equipment has allowed researchers to obtain clear images of microstructural details in living eyes, including abnormalities in individual cone photoreceptors in patients with various retinal diseases.
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In the current study, we used the AO-SLO system to investigate relationships between structural abnormalities (decreased cone density and areas of cone loss) and visual function (foveal sensitivity, as measured by microperimetry and visual acuity) after surgical closure of MH, as well as relationships between structural abnormalities before and after surgery. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3
METHODS
Participants
There were a total of 34 participants in this prospective interventional case study. Nineteen were patients (21 eyes; 6 men and 13 women; mean age: 67.5 years, range: 55-82) with idiopathic MH but without any other macular abnormality, glaucoma, or inherited color blindness; all patients visited the Kyoto University
Hospital, Kyoto, Japan, between February 2010 and October 2010. The other 15 participants were healthy volunteers (15 eyes; 5 men and 10 women, mean age:
61.2 years, range: 35-72) with no eye diseases.
All patients had a diagnosis of primary stage 2, 3, or 4 idiopathic MH according to the staging system proposed by Gass; 45 we excluded eyes with secondary MH (e.g., due to trauma, occurring after laser treatment, or due to cystoid macular edema resulting from inflammation, retinal vascular disease, macular pucker, or retinal detachment). We also excluded eyes with high myopia (axial length > 26.5 mm). Finally, we excluded from the final study data analysis 1 eye of a study patient in which foveal detachment 15, 16, 25 was diagnosed at the 6-month postoperative visit, since this condition precluded our evaluation of photoreceptors via AO-SLO imaging. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 4
Ophthalmologic Examinations
All volunteers underwent a comprehensive ophthalmologic examination, including measurements of BCVA, IOP, and axial length, indirect ophthalmoscopy, color fundus photography, SD-OCT, AO-SLO, and MP.
The Adaptive Optics Scanning Laser Ophthalmoscopy System
The AO-SLO system used here was a simplified version designed and constructed in our laboratory 42-44 based on previous reports detailing the usefulness of incorporating a wide-field SLO with an AO-SLO. 46 ,47 The AO-SLO system is confocal, enabling creation of high-contrast -en face‖ images in any plane; these images show individual cone photoreceptor cells. The system is composed of 4 primary optical subsystems: the AO subsystem, which includes the wavefront sensor and the spatial light modulator; the high-resolution confocal SLO imaging subsystem; the wide-field imaging subsystem; and the pupil observation subsystem, which facilitates the initial alignment of the subject's pupil with respect to the optical axis of the AO-SLO system through adjustment of the chin rest position. The wavefront sensor measures aberrations in the whole eye, and the spatial light modulator compensates for these aberrations. The details of the AO-SLO system are described in the Supplemental Material. (Supplemental Material at AJO.com)
Adaptive Optics Scanning Laser Ophthalmoscopy Imaging of Cone Mosaic
Features
For each eye, we acquired a series of AO-SLO images at each of several locations in the macula. The series at each location was acquired by shifting the focus from the retinal nerve fiber layer (RNFL) to the retinal pigmented epithelium (RPE), with particular attention being paid to acquisition of images that showed the cone mosaic. Then, offline, we created a montage of AO-SLO images for each eye by selecting the area of interest and generating each image to be included in the montage from a single frame, without averaging. We verified correspondence between each montage and the area of interest by comparing the AO-SLO image with the wide-field images for that eye.
To evaluate cones, we applied the automated cone labeling process of Li and Roorda, which uses an algorithm implemented in MATLAB (Mathworks Inc., Natick, MA, USA) and a function from the MATLAB Image Processing Toolbox 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 5 (IPT). 48 After automated cone labeling, 2 independent experienced observers examined each image; if cones were visible but had not been labeled, the observer manually labeled the areas where cones were visible and entered this area into the computer software program.
As has been reported for similar systems, 28-44 we found that our system did not always allow clear visualization of individual cones within much of the central fovea. However, we could clearly distinguish individual cones > .2 mm from the center of the fovea. Therefore, we obtained an estimate of cone density in areas .5
mm from the foveal center by instructing the computer software program to divide the number of cones in each imaging area by the size of the area. We measured cone density in each of 4 directions (superior, lower, nasal, and temporal), and the mean density was calculated from the densities in all 4 directions. To obtain accurate lengths of scans, we corrected the magnification effect in each eye by using the adjusted axial length method reported by Bennett et al. 49 We quantified the extent of the dark areas (areas lacking cones) in AO-SLO images by having the aforementioned independent experienced observers define and measure the dark areas in each eye using the Java-based image- 
Spectral-domain Optical Coherence Tomography Evaluation of Photoreceptor Layer Features and Retinal Thickness Measurements
We used the Spectralis HRA+OCT (Heidelberg Engineering, Dossenheim, Germany) to perform SD-OCT before and after surgery in all patient eyes. We obtained and evaluated 12 serial radial B-scan images through the fovea of each eye.
Photoreceptor Inner and Outer Segment Junction Disruptions
We identified 2 abnormalities in the IS/OS on preoperative SD OCT images ( 6 ELM, curling toward the top of the image (externally), along the sides of the defect in the fovea (designated as -preoperative OS defect in the fluid cuff‖).
On postoperative SD-OCT images, we defined abnormalities such as postoperative IS/OS disruption in a healed MH as decreased reflectivity of the IS/OS in the fovea (Fig 2) . We also identified moderately reflective foveal lesions (Fig 2) .
We measured IS/OS reflectivity using the -plot profile‖ analysis function of
ImageJ. This function displays a 2-dimensional graph of the intensities of pixels 
Other Measurements
We manually measured additional anatomic parameters (see below) on SD-OCT images, both before and after surgery to close MH. For all measurements, reports and analyses were based on 12 radial B-scan images through the center of the fovea.
On preoperative images, we measured the basal diameter of the MH (averaged across all 12 B-scan images), MH height (maximal height of elevated foveal retina), and minimum diameter of the MH (minimum distance between the separated outer segments) by using the digital caliper tool built into the SD-OCT system (Fig 3) .
On postoperative images (obtained concurrently with AO-SLO), we measured the thickness of the outer nuclear layer (ONL; the distance between the vitreoretinal interface and ELM) and the thickness of inner and outer segments (the 7 distance between the ELM and the inner border of the RPE), at the center of the fovea (Fig 3) .
Microperimetry: Retinal Sensitivity Measurements
We used fundus-monitoring microperimetry (MP) to measure retinal sensitivity. The MP-1 (NIDEK) software can be set to automatically track fundus movements and evaluate every acquired frame for shifts in the directions of the Xand Y-axes of the fundus with respect to a reference image obtained by an infrared camera at the beginning of the examination.
We used a 4-2-staircase strategy with a Goldmann size III stimulus against a white background with illumination of 1.27 cd/m 2 to examine 33 stimulus locations covering the central 6 degrees. The differential luminance, defined as the difference between stimulus and background luminances, was 127 cd/m 2 at 0 decibels (dB) of stimulation. Maximum stimulus attenuation was 20 dB, and the duration of the stimulus was 200 ms.
In the current study, mean foveal sensitivity was defined as the mean of retinal sensitivities measured at 9 different points in the fovea. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 8
Macular Hole Repair
We used paired t-tests to compare pre-and post-surgery measurements of mean BCVA, foveal sensitivity, and IS/OS abnormality. Student t-tests were used to evaluate cone density and the area of cone loss (dark area). We calculated the Pearson product moment correlation coefficient to determine associations between cone density/dark (cone loss) area and other variables.
All statistical evaluations were performed using the commercially available software program SPSS v.17 (SPSS Inc., Chicago, IL, USA). Significance was defined as P < .05.
RESULTS
All patients underwent anatomically successful MH closure with no complications. Table 1 summarizes characteristics of patients and eyes prior to, and at, surgery. The median time from onset of visual symptoms to MH surgery was 2 months, and mean preoperative logMAR was .584. Almost half of eyes had stage 2 MH; the mean minimum diameter of the MH was 303.5 m. Before surgery, the mean IS/OS decreased reflectivity size was 1447.8 m. Table 2 summarizes characteristics of eyes at 6 months after surgical repair of MH. Surgical treatment of MH significantly improved mean visual acuity
(logMAR values) and reduced mean diameter of IS/OS decreased reflectivity (both P < .001). The ONL and the inner and outer segments at the foveal center were thinner in surgically treated eyes than in normal eyes (P = .038 and P = .002, respectively). The postoperative diameter of the IS/OS decreased reflectivity was smaller than the preoperative basal diameter of the MH in all eyes.
After MH repair, AO-SLO revealed the presence of dark areas totaling .004
to .754 mm 2 in the foveae of all treated eyes (Figs 4-7). This was true even in eyes for which the postoperative SD-OCT did not reveal any visible defects in the IS/OS (Fig 4) . Mean cone density in eyes with surgically closed MH was 19,650 cones/mm 2 , which was significantly lower than in normal eyes (P = .003; Table 2 ).
Preoperative logMAR visual acuity was correlated with postoperative cone density (P = .024, R = -.490; Table 3 ). Postoperatively, lower cone density correlated with poorer logMAR visual acuity (P < .001, R = -.742), lower mean foveal sensitivity (P < .001, R = .812), and thinner inner and outer segments at the foveal center (P = .014, R = .530; Table 3 ). Cone density was significantly lower 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 9 after surgery in eyes that had pre-surgery OS defects in the fluid cuff (P = .018) and moderately reflective foveal lesions after surgery (P < .001) (Figs 4-7, Table 4 ).
The size of dark areas was positively correlated with symptom duration before surgery (P < .001, R = .731) and, postoperatively, with poorer logMAR visual acuity (P = .003, R = .613), lower mean foveal sensitivity (P = .006, R = -.651), thinner inner and outer segments at the center of the fovea (P = .044, R = -.444), and larger IS/OS decreased reflectivity size (P = .013, R = .531) ( Table 3) . On AO-SLO images, dark areas were significantly larger in eyes that had OS defects in the fluid cuff before surgery (P = .001) (Figs 4-7 ; Table 4 ), and moderately reflective foveal lesions after surgery (P = .001) (Figs 6, 7, Table 4 ).
Cone density was negatively correlated with the size of dark areas within the cone mosaic on AO-SLO (P = .001, R = -.667).
DISCUSSION
To date, many studies using conventional TD-OCT 9,10,12,13 18,19 or SD- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 deeper layers. In fact, on SD-OCT, which uses a light source with a wavelength (840 nm) identical to that of our AO-SLO system, there were no shadows in the photoreceptor layer or RPE. Third, the dark areas on the AO-SLO images positively correlated with the areas of disruption in the IS/OS on SD-OCT images.
These results are consistent with those of previous studies of eyes with other retinal diseases, 38, 42, 44 in which the dark areas seen in the AO images corresponded with the areas of disruption in the IS/OS, or the cone outer segment tip in corresponding SD-OCT images.
It is notable that we saw dark areas in all eyes after MH repair-even in those in which SD-OCT demonstrated an apparently intact IS/OS. We believe that in cases where the IS/OS appeared intact on SD-OCT, there were actually microabnormalities in the IS/OS that we could not see on SD-OCT because of its lower resolution. Commercially available SD-OCT systems (without AO) have a lateral
resolution of approximately 20 m, while the AO-SLO, which has a lateral resolution of 3 m, detected abnormalities that were ~5-20 m wide.
In the current study, decreased cone density and larger total dark area in the fovea on AO-SLO correlated with worse visual acuity and worse retinal sensitivity in the fovea (Table 3) . This pattern is similar to previously reported correlations between the sizes of defects in the IS/OS and/or ELM and the severity of postoperative visual impairment; these results were obtained using SD-OCT techniques [21] [22] [23] [24] . Cumulatively, all of these findings suggest that functional impairment may be closely associated with foveal photoreceptor alterations in eyes with closed MH.
Another significant finding of our study was that lower cone density and larger dark areas in the fovea on AO-SLO correlated with thinner inner and outer segments on SD-OCT (Table 3) 6 months after surgical closure of MH. This pattern suggests that decreased inner and outer segment thickness may reflect more severe structural disturbance of the photoreceptor layer.
We found that postoperative cone density was significantly lower, and dark area was significantly larger, when an OS defect in the fluid cuff was present preoperatively (Table 4 ). This led us to hypothesize that, when an MH forms, cone photoreceptors are pulled out of the RPE as a result of anteroposterior traction on the photoreceptor layer (and, therefore, cone photoreceptors) caused by detachment of the perifoveal posterior vitreous. This is supported not only by our 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 also reported seeing moderately reflective foveal lesions, which they described as being of a -glial sealing type;‖ these were found to be correlated with poorer postoperative BCVA and larger postoperative size of the IS/OS defect. 23 In the current study, the eyes that had moderately reflective foveal lesions had lower cone density and larger dark areas on AO-SLO (Table 4 ). Based on these findings, we hypothesize that the pattern of foveal reconstruction in closed MH may depend on a balance between the proliferation of the glial cells filling the foveal defect and the bridging of the photoreceptor cell bodies with subsequent elongation of the photoreceptor outer segments.
Our study has several limitations: (1) Although it has better lateral resolution than commercially available SD-OCT, our AO imaging equipment was still unable to clearly show individual cone photoreceptors in the foveal center.
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However, each dark area representing cone loss was larger than the diameter of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 12 cones in the central fovea. In fact, dark area could be detectable near the center of the fovea even though the individual cones were not resolved in the same location.
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